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R423Sleep: The Ebb and Flow of Memory
Consolidation
A new study has shown that successful imprinting in domestic chicks depends
on post-training sleep; individual neurons were found to enter, leave and then
rejoin neural networks, and may constitute the memory trace of the imprinted
stimulus.
Robert Stickgold
The last decade has seen a dramatic
increase in our understanding of
sleep-dependent memory
consolidation, moving the concept of a
role for sleep in memory consolidation
from a generally discredited (or at best
ignored) idea to a largely accepted
tenet among both memory and sleep
researchers. While the number of
players in this field remains small,
it is growing rapidly, and researchers
are now approaching the topic
with a remarkably broad array
of tools (Table 1). These range
from strictly behavioral studies in
humans — demonstrating, for
example, selective memory
enhancement across a night of sleep
[1] — to studies of the role of sleep in
modifying experience-dependent
cortical plasticity in the cat visual
cortex [2]. Claire Jackson and
colleagues have now reported in
Current Biology [3] that imprinting in
domestic chicks is dependent on
post-training sleep; their work further
shows how the contribution of
individual neurons to the memory of
the imprinting stimulus develops over
the 24 hours following imprinting.
One of the most elusive questions
that remain in this field is what actually
happens to memories during sleep?
What makes this question so difficult is
our ignorance concerning the nature of
memory in general. At the cellular and
molecular level, no one has seen
a memory yet, or has strong evidence
for the exact form memories take or
how they are produced, let alone how
post-encoding processing leads to the
stabilization of memories or how they
are subsequently integrated into larger
networks of associated memories. So
it is something of a delight to find a
paper that looks at the time course of
changes in individual neurons as
a memory is first encoded and then
undergoes sleep-dependent
consolidation.
To analyze how neurons become
selectively responsive to a particular
sensory stimulus, and how subsequent
sleep stabilizes this selectivity,
Jackson et al. [3] studied imprinting in
domestic chicks. It is known that
neurons in the intermediate and medial
mesopallium of the chick brain store
imprinting information [4]. After a
Table 1. Studies of sleep andmemory: a sample of the range of topics related to sleep andmemory reported in the literature, with citations for select topics.







Modulation of sleep stage
distribution by prior learning
Modulation of sleep stage
distribution by prior learning
Experience-dependent
increases in sleep [7]
Sleep stage requirements for
consolidation [8]







correlates of learning [11,12]
Reactivation of pairs of
hippocampal place cells [13]
Single cells reactivation of
birdsong neurons [14]
Reactivation of temporal
patterns of place cells
Recruitment of individual
neurons over time following
imprinting [3]
Developmental plasticity in
single cat visual cortex
neurons [2]
Sleep-dependent memory
deficits in schizophrenia [15]
Genetic screens for sleep and
wake active genes
Genetic mutant with both
reduced sleep and impaired
memory [16]
Sleep-dependent modulation
of molecular markers of
synaptic strength [17]
Regulation of sleep by
mushroom bodies [18]
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Figure 1. Change in IS neurons over time.
(A) Number of responding cells before imprinting (0 hour), after 1 or 2 hours of imprinting, and at 25 hours after no further imprinting. Black bar,
IS neurons prior to imprinting; green bars, previously responsive neurons; red bars, previously unresponsive neurons; blue bar, prior history
unknown (based on [5]). (B) Percent responding cells before (T0, based on [5]) and after 1 or 2 hours of imprinting (T1, T2), and 7.5 or 15 hours
after the end of imprinting (S1, S2). Green squares, chicks who slept during the first 7.5 hour post-imprinting period; red triangles, chicks who
slept during the second 7.5 hour post-imprinting period. (C) Initial and subsequent IS neurons in sleep first condition: Number of IS neurons
identified at each time (same as in B). Green bars, IS neurons also active after 1 hour of imprinting (T1); red bars, IS neurons not also active
after 1 hour of imprinting (based on [3]).young chick has been exposed to an
imprinting stimulus, a subset of these
neurons fire selectively in response
to the learned imprinting stimulus
(they are consequently referred to as
IS neurons).
In an earlier study [5], this same
group reported that, for a given
imprinting stimulus,w7% of neurons
in the intermediate and medial
mesopallium were selectively
responsive even prior to imprinting,
and that this proportion increased to
13–14% after one or two hours of
imprinting. Most striking, however,
was the finding that, after an additional
20 hours without any further exposure
to the imprinting stimulus, the percent
of IS neurons increased further, to
22% of those analyzed (Figure 1A),
an increase reminiscent of the
improvements in performance seen
with sleep-dependent memory
consolidation (for review, see [6]).
The power of this chick preparation
is that single cells can be monitored
over long periods of time, and the
development of their status as IS
neurons followed. When such an
analysis was performed, the seemingly
straightforward monotonic increase
in the number of responding neurons
over time gave way to a much more
complex ebb and flow of cells into
and out of responsiveness. Thus, of the
16 IS neurons identified at baseline,
only one remained responsive after
an hour, and none was still responsive
after two hours. Further, of the 32 IS
neurons identified after one hour of
imprinting (including 31 that had not
been responsive at baseline), onlya third remained responsive after
an additional hour of imprinting
(Figure 1A). Unfortunately, recordings
from individual neurons could not be
maintained long enough to track these
cells forward to the final time point
20 hours later, when the number of IS
neurons had increased by half again.
This study left two unanswered
questions that the new paper by
Jackson et al. [3] has resolved. First,
might this final off-line increase in
IS neurons seen at 25 hours indeed
reflect sleep-dependent memory
consolidation? And second, had the
additional IS cells seen at 25 hours also
been selectively responsive at earlier
times? To answer these questions,
individual IMM neurons were tested
after one or two hours of imprinting,
as in the earlier study, but then were
followed for an additional 15 hours,
allowing additional testing after 7.5 and
15 hours. Furthermore, two groups
of chicks were studied; in an
attempt to identify a critical period
of sleep-dependent consolidation of
imprinting memories, one group of
chicks was deprived of sleep during
the first 7.5 hour post-imprinting
interval and a second during the
subsequent 7.5 hours period.
There were several striking results.
First, similarnumbersof ISneuronswere
found 7.5 hour post-imprinting, whether
chicks had been allowed to sleep or
were sleep-deprived (Figure 1B). Thus,
at first blush it would appear that sleep
during this period was not important.
But, in fact, the opposite was true. After
the second 7.5 hour interval, those
chicks which had been allowed to sleepduring the first 7.5 hour interval (but
sleep deprived during the second
interval) showed a large increase in
IS neurons, while those who were
sleep-deprived during the first interval
(and allowed to sleepduring the second)
showed a decrease in IS neurons. Thus,
the increase seen during the second
period was contingent on the chicks
sleeping during the first interval! (The
possibility of the increase being due to
sleep deprivation during the second
interval is eliminated by the earlier
findings of a similar increase with no
sleep deprivation.)
The second striking result was how
this absolute increase in the sleep-first
group came about. By the end of the
first 7.5 hour post-imprinting period,
all of the IS neurons identified after
the first hour of training had become
unresponsive (Figure 1C). In contrast,
all of those recruited during the second
hour of training remained responsive,
along with almost half of the previously
unresponsive neurons. Finally, after
the second 7.5 hour post-imprinting
period, two-thirds of the neurons
originally responsive after the first
hour of imprinting regained their
responsiveness (Figure 1C)!
These findings, relevant not just
to sleep-dependent memory
consolidation, but probably to all
consolidation processes, suggest that
the neuronal changes that underlie
such consolidation can ebb and flow
over periods of hours to at least a day,
during which time populations of
neurons can shift from responsive to
unresponsive and back. The functional
significance of such fluctuations will
Dispatch
R425remain a frustrating unknown until
considerably more research is done.
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Apowerful new technique for visualizing
fine neuroanatomical differences betwe
female Drosophila.
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and Stephen F. Goodwin*
Dramatic behavioral differences exist
between males and females in
Drosophila [1–3]. Although the genetic
basis for the creation of two
morphologically and behaviorally
distinct sexes has been extensively
studied, few anatomical differences in
the brain have been identified which
may explain these dimorphic behaviors
[4–7]. In fact, gross anatomical studies
suggest that male and female brains
are largely similar [5]. Identifying
potential differences requires detailed
analyses of the neural circuits
underlying these sex-specific
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tracing the projections of single
neurons or populations of neurons
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neurons in the fly brain has uncovered
en the olfactory circuitries of male and
green fluorescent protein (PA-GFP)
[11]. PA-GFP is a stable
photoactivatable variant of GFP that
after irradiation with 413 nm light
shows a 100-fold increase in
fluorescence when excited by 488 nm
light [11]. Significantly, when PA-GFP
is photoactivated in an isolated region
of the cell, it will then diffuse throughout
the entire cell. Datta et al. [10] exploited
this property of PA-GFP to locate cell
bodies of neurons, and to visualize
axonal projections of identified
neurons. Using this elegant technique,
the authors were able to visualize and
identify sexually dimorphic axonal
projections of a specific population
of neurons in the brain.
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DOI: 10.1016/j.cub.2008.03.022copulation [14]. How can a single
pheromone elicit such different
behavioral responses? Datta et al.
[10] addressed this question by
investigating whether anatomical
and/or functional differences in
olfactory neural circuitry may explain
this dimorphic behavior (Figure 1).
In flies, the physiological response
to cis-vaccenyl acetate is mediated by
a class of olfactory sensory neurons
expressing the odorant receptor gene
Or67d. All neurons expressing Or67d
innervate a single glomerulus, DA1,
in the antennal lobe [14]. Although the
size of the DA1 glomerulus is sexually
dimorphic [5,14,15], Datta et al. [10]
found no essential differences
between males and females in
either the increase of intracellular
Ca2+ concentration or in the
electrophysiological responses in the
DA1 glomerulus following exposure
to cis-vaccenyl acetate, suggesting
that the neurobiological basis for the
sex-specific responses to cis-vaccenyl
acetate must lie elsewhere in the
olfactory neural circuit.
Next, using PA-GFP, they
determined that projection neurons
which project from the DA1 glomerulus
to the lateral horn, a higher olfactory
processing centre, have sexually
dimorphic axonal arbors on the lateral
horn (Figure 1). After identifying these
sexually dimorphic arbors, Datta et al.
[10] went on to show that this
dimorphism depends on the
expression of themale-specific isoform
